ABSTRACT Thermal treatments of feed and organic acids are known to affect the gastrointestinal microbiota in chickens. The present study evaluated the effect of different thermal processes including pelleting (P), long-term conditioning at 85°C for 3 min (L), expanding at 110°C (E110), and 130°C for 3 to 5 s (E130) as well as organic acid (63.75% formic acid, 25.00% propionic acid, and 11.25% water) inclusion levels (0, 0.75, and 1.5%) on gastrointestinal microbiota in broilers. In total, 960 one-day-old chicks were randomly assigned to 8 replicates using a 3 × 4 factorial arrangement. At d 35, bacterial cell numbers in the crop, ileum, and cecum, and bacterial metabolites in the crop, gizzard, ileum, and cecum were determined. The inclusion of 1.5% organic acids increased cell numbers of all clostridial clusters in the crop. The organic acid supplementation increased the propionic acid concentration in the crop and gizzard and there was a decrease in lactic acid concentration. In the ileum, the 0% organic acid group had the highest numbers of Lactobacillus spp. and enterobacteria. Inclusion of 1.5% organic acids increased ileal acetate concentration. Increasing the feed processing temperature led to an increase of lactobacilli in the crop and ileum, whereas clostridia and enterobacteria seemed unaffected. Similarly, lactate concentrations increased in the ileum, but short-chain fatty acids remained identical. In the crop, an increase for acetate was found for the E130 group compared with all other thermal treatments. In conclusion, our study demonstrated that thermal treatments and organic acid supplementation to broiler diets more markedly influenced the bacterial status of the crop compared with the downstream segments and their effects decreased along the length of gastrointestinal tract. Whereas organic acids markedly modified bacterial composition and activity in the crop, expansion increased lactobacilli and lactate in the crop and ileum.
INTRODUCTION
Gut microbiota plays an important role for animal health, performance, and product safety (Torok et al., 2011) . Interest in finding an effective and economically efficacious feed management strategy toward a putatively beneficial gut microbiota has been substantially increased due to product safety aspects. Although the definition of a desirable composition and metabolic activity of the gastrointestinal microbiota is still under debate, a variety of nutritional strategies targets the feed hygiene and on the other hand the intestinal microbial status with the goal of improving poultry performance, welfare, and health.
Thermal processing of feed and the inclusion of organic acids can improve the stability and hygiene of feed, may alter the chemical and physical characteristics of its constitutive ingredients, and may affect the microbial status of gastrointestinal tract (Furuta et al., 1980; Dibner and Buttin, 2002; Engberg et al., 2002; Rehman et al., 2007; Jones, 2011; Abdollahi et al., 2013) . Thermal processing of broiler feed can improve feed intake and efficiency as well as affect nutrient digestibility due to its effect on starch gelatinization, protein denaturation, and greater accessibility of nutritional components to digestive enzymes (Abdollahi et al., 2013) . In terms of thermal processes, no uniform effect of such measures can be expected because the processing conditions, particularly the temperature, processing time at given temperature, mechanical influences during the treatments, as well as the feed ingredients can markedly affect the final outcome (Svihus and Zimonja, 2011; Abdollahi et al., 2013) . Pelleting is The effects of different thermal treatments and organic acid levels in feed on microbial composition and activity in gastrointestinal tract of broilers the most prevalent processing in poultry feed production. It has been demonstrated that pelleting reduces the microbial load in general and also feedborne pathogens (Mossel et al., 1967; van Immerseel et al., 2009; Goodarzi Boroojeni et al., 2014) . However, a study with pigs indicated that pelleted feed may change the intestinal bacterial composition and cause a higher susceptibility to Salmonella infections (Jørgensen et al., 1999) . Feed expansion results in process temperatures of higher than 100°C, leading to starch gelatinization, improved feed hygiene, and better pellet stability and feed texture (Peisker, 1994) . Furthermore, it has been shown to improve animal performance (Fancher et al., 1996) , although the observations have been inconsistent (Goodarzi Boroojeni et al., 2014) .
It is of importance that thermal treatments have no preventive effect on recontamination, by the subsequent cooling process they may even be a risk factor due to the risk for spread of environmental or stationary contaminants (Binter et al., 2011) . Organic acids are often used in the feed industry to improve the hygienic status of feed and to prevent recontamination (Martin et al., 2005) . They can disrupt intracellular pH regulation and pH gradients, which lead to a lower viability of bacteria (Cherrington et al., 1991; van Immerseel et al., 2006) . The preservative activity of organic acids in feed is complemented by a wide spectrum of effects in the host organism. Reductions of the digesta pH, improvement of microbial phytase activity, increase in pancreatic secretion, and alteration in gastrointestinal microbiota particularly in the foregut have been reported (Thompson and Hinton, 1997; Dibner and Buttin, 2002; van Immerseel et al., 2006) . The observations are not consistent; however, it might be due to the fact that the effects of organic acids in diets for broilers are related to type and dosage of organic acid used, buffering capacity of dietary ingredients as well as hygienic status of the production environment (Dibner and Buttin, 2002) . Individual organic acids have specific antimicrobial activities. Lactic acid is mostly known for its antibacterial activity; sorbic acid is more known for its antimold activity; formic and propionic acid have wider antimicrobial activities and are effective against fungi and bacteria (Partanen and Mroz, 1999; Dibner and Buttin, 2002) . Several studies have reported that both formic and propionic acids were able to reduce Salmonella, Escherichia coli, and coliforms in the small intestine, cecum, and fecal contents of chickens (Hinton and Linton, 1988; Rouse et al., 1988; Izat et al., 1990; McHan and Shotts, 1992) . The use of organic acids such as propionic and formic acid as feed additives in broiler nutrition is common and practically important for feed preservation. Nutritional and health benefits are controversial.
The effects of different thermal treatments of feed on the gut microbiota and possible interactions with inclusion of organic acids as feed additives have not been widely studied. The aim of the present study was to evaluate the effects of thermal processes including pelleting, long-term conditioning, and expansion at 2 different temperatures and also different organic acid inclusion levels (0.75% as typical concentration in practice and 1.5% as high concentration of organic acids in broiler diets) and their interactions on bacterial composition and activity in the gastrointestinal tract of broiler chicks.
MATERIALS AND METHODS

Birds and Experimental Design
The experimental protocol was approved by the State Office of Health and Social Affairs Berlin (LAGeSo Reg. No. 0113/11).
Nine hundred sixty 1-d-old male broiler chicks (Cobb) have been bought from a commercial hatchery (Cobb Germany Avimex GmbH, Wiesenena-Wiedemar) and were randomly allocated into ninety-six 1.20 m × 1.75 m pens with a softwood shaving floor. In the first week of experiment, the temperature was 33°C and was gradually reduced by 3°C per week until reaching 24°C. The lighting program consisted of full-time light for the first 3 d and 20 h of light until d 7 and 16 h of light thereafter. The birds were inspected daily by a veterinarian. All birds had ad libitum access to water and the experimental diets.
The experimental period lasted 35 d. Birds were fed a starter (1 to 21 d) and a grower (22 to 35 d) diet. The diets were formulated to meet or exceed recommendations of the Society of Nutrition Physiology (GfE, 1999) . The diets of each phase were kept isocaloric and isonitrogenous. The composition of the experimental diets is shown in Table 1 .
In a 2-factorial design, feed was supplemented with 3 different levels (0, 0.75, and 1.5%) of a commercial product containing 63.75% formic acid, 25.00% propionic acid, and 11.25% water (Lupro-Cid, BASF SE, Ludwigshafen, Germany) and treated with 4 different types of thermal processes, including steam conditioning at 70°C and subsequent pelleting (P), long-term conditioning at 85°C for 3 min followed by pelleting (L), expansion at 110°C, 3 to 5 s (E110), and expansion at 130°C, 3 to 5 s (E130). The technical details of the feed production procedure were according to Goodarzi Boroojeni et al. (2014) .
The feed in 0.75% group was supposed to have 0.48% formic acid and 0.19% propionic acid, and the feed in 1.5% group was supposed to have 0.96% formic acid and 0.38% propionic acid. The results of grower feed analysis showed that the concentrations of propionic acid in the 0, 0.75, and 1.5% groups were 0, 0.14, and 0.28% and the concentrations of formic acid were 0, 0.42, and 0.73%, respectively. These differences might be due to evaporation of organic acids during feed processing, transportation, and storage.
Using a 3 × 4 factorial arrangement, 12 different diets were randomly assigned to birds within pens (8 pens per diet).
Feed Production
Feed components were weighed manually and mixed in a twin-shaft paddle mixer for 3 min (type 300 LTR, Dinnissen B.V., Sevenum, the Netherlands) to produce a total of 3 starter and 3 grower primary diets. After mixing, the diets were subjected to organic acid supplementations. Therefore, Lupro-Cid was sprayed onto the supplemented diets during continuous mixing.
Pelleting (P). During short-term steam conditioning, the temperature of the feed exiting the conditioner (type M-Mix, Simon-Heesen B.V., Boxtel, the Netherlands) was maintained at 70°C. The conditioned feed was pelleted using a ring die pellet press (Type Monoroll Labor, Simon-Heesen B.V., Boxtel, the Netherlands) with a die channel diameter and length of 3 mm and 60 mm, respectively. The pressed material was cooled on a belt cooler (Fördertechnik GmbH, Mülheim/Ruhr, Germany) to ambient temperature within 15 min.
Long-Term Conditioning and Pelleting (L). Prior to pressing, diets were preconditioned in a twin-screw pre-conditioner (Neuhaus, Delmenhorst, Germany) using steam and subsequently subjected to long-term conditioning in a closed container with a heated jacket and a constant throughput. The diets were heated to 85°C over 3 min. The conditioned feed was immediately introduced into the pellet press and pelleted as described above.
Expanding at 110 and 130°C (E110 and E130).
Diets were introduced into an expander (type OE 8, Amandus Kahl GmbH & Co. KG, Reinbek, Germany) and processed at 110 and 130°C. The feed exited the expander through 3-mm outlet nozzles and formed strands, which were cut to pellet shape by rotating blades. The feed was cooled to ambient temperature on a belt cooler (Fördertechnik GmbH, Mülheim/Ruhr, Germany) within 15 min. The moisture content of final product was reduced, in average, from 16.95 to 11.90% by using preheated air in 1 of the 4 segments of the cooler.
After production, the pelleted and expanded feed was crumbled using a roller mill (type A2-E, MIAG, Braunschweig, Germany) with a milling gap of 3 mm to homogenize particle sizes.
Sampling
At d 35, 2 birds per pen were randomly selected and slaughtered by stunning and exsanguination. The crop, gizzard, ileum, and cecum were dissected and the digesta was collected from the crop, gizzard, cecum, and distal two-thirds of the ileum. Their pH was immediately measured and recorded and analytical samples were frozen in liquid nitrogen and stored at −80°C until further analysis. For determination of bacterial cell numbers and metabolites, the samples of one bird per pen were randomly selected and used for these analyses.
Determination of Bacterial Cell Numbers: DNA Extraction
The crop, ileum, and cecum samples of 6 out of 8 pens for each treatment group were randomly selected and their DNA was extracted.
The DNA extraction was performed with a commercial kit (Qiagen Stool kit, Qiagen, Hilden, Germany) with 200 mg of digesta according to the instructions of the manufacturer except for an increase in temperature to 90°C during the lysis step.
Real-Time PCR-Assays
Primer sequences and annealing temperatures are given in Table 2 . All primers were purchased from MWG Biotech (Straubing, Germany). For PCR amplification and fluorescence data collection, a Stratagene MX3000p (Stratagene, Amsterdam, the Netherlands) was used. The master mix contained 12.5 µL Brilliant II SYBR Green QPCR Master Mix with Low ROX (Stratagene), 0.5 µL of each primer (10 µM), and 10.5 µL water. A 1-µL sample was added before PCR amplification. All amplification programs subjected an initial denaturation step at 95°C for 10 min to activate the polymerase. All PCR programs featured an annealing time of 60 s and a 60 s extension at 72°C. All PCR assays have been validated against a range of reference strains.
Quantification of Fluorescence Signals
A detailed description of the quantification procedure is given by Vahjen et al. (2007) . In brief, a series of autoclaved sow feces samples was spiked with cultures of a wide range of bacterial species and known cell numbers (10 3 to 10 9 cells per gram wet weight) overnight. These extracts were used as PCR calibration samples after extraction and purification with the same DNA extraction protocol (Qiagen Stool kit, see above). Therefore, results were expressed as cell number per gram sample wet weight.
Determination of Bacterial Metabolites
Except for ammonium in the gizzard, the bacterial metabolites were determined in the crop, gizzard, ileum, and cecum samples.
For sample preparation, 0.5 g of digesta was diluted with 1.0 mL of ice-cold 100 mM 3-(N-morpholino) propane sulfonic acid buffer (pH 7.5), for 1 min homogenized, and for 10 min incubated on ice. Samples were then homogenized again and centrifuged at 17,000 × g for 10 min at 4°C. The supernatants were kept on ice and 100 µL of each supernatant was taken for determination of the short-chain fatty acids (SCFA). The rest of the supernatants were mixed with 50 µL of Carrez-I {containing potassium hexacyanoferrate (II) trihydrate (K 4 [Fe(CN) 6 ] × 3H 2 O} and Carrez-II [containing zinc sulfate heptahydrate (ZnSO 4 × 7H 2 O)] solutions and subsequently used for ammonium and lactate analysis. Samples were centrifuged and the supernatants were filtered by a 0.45-µm cellulose acetate syringe filter. Analysis of SCFA was performed by gas chromatography (Agilent Technologies 6890N with an auto sampler G2614A and an auto injector G2613A, Santa Clara, CA). The column was an Agilent 19095N-123 HP-IN-NOWAX polyethylene glycol. Afterward, 100 µL of the sample supernatant was diluted with 900 µL of internal standard solution (containing 0.5 mM L −1 of caproic acid). The standard solution consisted of 50 mL of 10 mM L −1 stock solution (250 µL of caproic acid, 2 g of oxalic acid dihydrate in 200 mL), 2.5 g of sodium azide, and 10 g of oxalic acid dihydrate in 1,000 mL.
Ammonia was quantified using the Berthelot reaction assay. Twenty microliters of the sample superna- tant was mixed with 100 µL of phenol nitroprusside and 100 µL of alkaline hypochlorite in a 96-well microtiter plate. After incubation for 10 min at room temperature, with a Tecan microtiterplate reader (Tecan Austria GmbH, Salzburg, Austria), a photometric measurement was carried out at 620 nm. Analysis of l-and d-lactate was carried out by HPLC using an Agilent 1100 system with Phenomenex Chirex 3126 (d)-penicillamine 150 × 4, 6-mm column and Phenomenex C18 4.0 L × 2.0 ID mm precolumn (Agilent Technologies). Two hundred microliters of sample supernatant was filled up to 1 mL with copper-II-sulfate solution (0.5 mM). The UV detector wavelength was 253 nm, and the column temperature was 35°C.
Statistical Analysis
All data were subjected to ANOVA using the GLM procedure of SPSS 19.0 (SPSS Inc., Chicago, IL) as a 3 × 4 factorial arrangement of treatments that included 3 organic acid levels (0, 0.75, and 1.5%) and 4 different types of thermal processes (P, L, E110, and E130) as the main effects plus their interaction. The treatment means were separated by the Tukey least significant difference post hoc test at P ≤ 0.05 statistical level. The pen was the experimental unit for all variables measured.
RESULTS pH
The pH of the crop, gizzard, ileum, and cecum did not differ among the treatment groups (data not shown).
Bacterial Cell Numbers
The effect of the different thermal processes and acid inclusion level on bacterial cell numbers in the crop, ileum, and cecum of broiler chicks at d 35 of age is shown in Table 3 . The interactions of the thermal processes and organic acid inclusion were significant for Bifidobacterium spp. in the crop, Lactobacillus spp. in the ileum, and E. coli/Hafnia/Shigella, Bifidobacterium spp., clostridial cluster IV, and clostridial cluster XIVa in the cecum (P ≤ 0.05). The effects of applied treatments, particularly acid treatment, on bacterial cell count in the crop were more pronounced compared with other parts of gastrointestinal tract. However, although significant, differences in cell numbers were often only marginal.
Regarding the interaction of the thermal processes and organic acid inclusion levels and the differences in the 12 individual treatment groups (data not shown), the E110+0.75% acid showed the highest number of Bifidobacterium spp. in the crop (5.02 log cells/g) and cecum (6.06 log cells/g; P ≤ 0.05); however, no significant differences were observed between E110+0% acid (4.36 log cells/g), E110+0.75% acid (5.02 log cells/g), E110+1.5% acid (4.39 log cells/g), L+1.5% acid (4.57 log cells/g), and E130+0.75% acid (4.25 log cells/g) groups in the crop, and also the differences between E110+0.75% acid (6.06 log cells/g) and L+0% acid (5.58 log cells/g) groups in the cecum were not significant (P > 0.05). The only observed significant differences in the 12 individual treatment groups for the number of Lactobacillus spp. was in the ileum and the E130+0% acid group (11.28 log cells/g) had the highest number and the L+1.5% acid group (10.09 log cells/g) had the lowest number (P ≤ 0.05).
Within groups E110, the inclusion of 1.5% organic acids increased the cell number of E. coli/Hafnia/Shigella, clostridial cluster IV, and clostridial cluster XIVa in the cecum (P ≤ 0.05). However, the cell number of E. coli/Hafnia/Shigella was the highest in the E110+1.5% acid group (9.91 log cells/g) and was the lowest in the E110+0% acid group (7.68 log cells/g; P ≤ 0.05). In the cecum, the E110+1.5% acid and E130+0.75% acid groups showed the highest number of clostridial cluster IV (9.97 and 9.99 log cells/g, respectively) and the E110+0% acid group (9.56 log log cells/g) showed the lowest number (P ≤ 0.05). The number of clostridial cluster XIVa in the E110+0% acid group (10.60 log cells/g) was the lowest in the cecum (P ≤ 0.05), and there were no significant differences among the other treatment groups (P > 0.05).
Thermal Processing. Thermal processing had distinct effects on bacterial cell numbers in the gastrointestinal tract. Thus, increasing temperature increased Lactobacillus spp. in the crop and ileum with significant differences between group P and group E130 (P = 0.004 and P = 0.005, respectively). The number of Bifidobacterium spp. in the crop was higher for E110 in comparison with P and E130 (P ≤ 0.05), but this effect was reversed in the ileum. Thermal processing did not affect the different clostridial clusters in the crop, but ileal clostridial cluster I showed lower cell numbers in the E110 group compared with the E130 group. Minor significant effects on clostridial cell counts were also observed in the cecum (P ≤ 0.05). The E. coli/Hafnia/ Shigella cluster in the cecum showed higher cell numbers in the group E130 compared with L and E110 groups (P ≤ 0.05).
Organic Acids. Compared with no organic acid supplementation, the inclusion of 1.5% organic acids increased cell numbers of all clostridial clusters in the crop; however, the numbers of clostridial cluster IV and clostridial cluster XIVa in the 0.75% organic acid group were not different from the 2 other groups (P > 0.05). The organic acid inclusion decreased Lactobacillus spp. and enterobacteria cell numbers in the ileum such that the 0% organic acid group had the highest number of enterobacteria (P ≤ 0.05) and the birds fed diets containing 0% organic acids had higher Lactobacillus spp. number (P ≤ 0.05) compared with birds fed diets containing 1.5% of the organic acid product. The number of clostridial cluster XIVa in the cecum was higher in the 0.75% organic acid group compared with the 0% group (P ≤ 0.05). Means with different superscripts in a row differ significantly (P ≤ 0.05). 
Bacterial Metabolites
The interactions of thermal processes and organic acid supplementation were not significant for investigated metabolite variables in the crop, gizzard, ileum, and cecum.
Thermal Processing. The effects of the experimental diets on the concentration of lactate, ammonium, and total metabolites in crop, gizzard, ileum and cecum are shown in Table 4 . Increased diet processing temperature led to higher ammonium concentration in the crop, whereas no differences were observed in ileum and cecum. Compared with pelleting and long-term conditioning, thermal processing by expansion significantly increased l-and total lactate concentrations only in the ileum.
The effects of the experimental diets on the concentration of SCFA in the crop, gizzard, ileum, and cecum are shown in Table 5 .
The acetic acid (8.8 µmol/g) and total SCFA (13.3 µmol/g) concentrations of the E130 group in the crop contents were almost 2 times higher than in the other 3 groups (P ≤ 0.05). Thermal processing had no effect on SCFA concentrations in the gizzard, ileum, and cecum (P > 0.05).
The effects of the experimental diets on the propionic acid/lactate ratio, the concentration of the branched chain short fatty acids (BCSFA) as well as BCSFA/ total short chain fatty acid (TSCFA) ratio in the crop, gizzard, ileum, and cecum are shown in Table 6 . The different thermal processes had no marked effect on propionic acid/lactate ratio, concentration of BCSFA and BCSFA/TSCFA ratio in the crop, gizzard, ileum, and cecum (P > 0.05).
Organic Acids. No effect of the organic acid treatments was observed on ammonium concentrations (P > 0.05; Table 4 ). In the crop, the total metabolite concentration was higher in the 0% organic acid group compared with the 1.5% group; however, acid supplementation in the diet significantly reduced total metabolite concentration in the gizzard (P ≤ 0.05). Compared with no inclusion of organic acids, lactate concentrations significantly decreased due to organic acid inclusion in the crop, gizzard, and cecum. In the ileum, increased acetic acid and total SCFA concentrations were observed for broilers fed diets supplemented with 1.5% organic acids (3.2 and 3.4 µmol/g, respectively) compared with those fed the diets without acids (1.9 and 2.2 µmol/g, respectively). The acid inclusion level did not markedly affect SCFA concentrations in the cecum (P > 0.05).
Due to the presence of propionic acid in the organic acid mix, propionic acid concentrations and the propionic acid/lactate ratios in the crop and gizzard were increased by the acid mixture. However, no differences were observed for the propionic acid and the propionic acid/lactate ratios in the ileum or cecum (Tables 5 and  6 ). In fact, the significant differences in Table 6 mostly reflect what was observed in Tables 4 and 5 .
DISCUSSION
The present study evaluated the effects of different thermal processes and organic acid inclusion levels and their interactions on intestinal bacterial composition and metabolism in broiler chicks. Thermal treatment of feed has an impact on the feed hygiene and might affect nutrient availability for the microbiota. Organic acids are known to have antimicrobial activities. It was shown that both factors were relevant, resulting in shifts in composition and metabolic activity of the intestinal microbiota, mainly in the upper digestive tract.
The same study was also used to investigate the effects of thermal and organic acid treatments on the hygienic status of broiler feed, broiler performance, feed digestibility, and organ weights (Goodarzi Boroojeni et al., 2014) . The results of this study showed that the applied thermal processes and organic acid inclusion levels were effective treatments for the decontamination of broiler feed. In this study, the organic acid inclusion linearly improved feed conversion ratio in the first week (P ≤ 0.05); however, organic acid inclusion as well as different thermal treatments had no significant effect on the performance variables at later intervals of the fattening period of the birds. Except a quadratic effect on ileal digestibility of isoleucine (P ≤ 0.05), the inclusion of organic acids had no significant effect on the ileal digestibility of AA and other nutrients, whereas the long-term conditioning group showed the lowest ileal AA and CP digestibility. The acid inclusion levels did not markedly affect the relative organ weights; however, the relative weights of small intestine and jejunum were significantly higher in the expanding 130°C group compared with pelleting and long-term conditioning groups.
In general, the results of the present study endorsed that lactobacilli dominate the crop and ileum, confirming previous data (Watkins and Kratzer, 1983; Durant et al., 1999; Jozefiak et al., 2007; Rehman et al., 2007) , whereas clostridia, especially clostridial cluster XIVa, were found to dominate the hind gut (Lu et al., 2003; Dumonceaux et al., 2006; Gong et al., 2007) . Similarly, observed metabolite patterns are in accordance with the results reported by others (Terada et al., 1994; Jozefiak et al., 2006 Jozefiak et al., , 2007 Rehman et al., 2007) . Interestingly, the level of bacterial metabolites in the crop contents was higher than in the ileum despite the fact that the total bacterial cell number in ileum was slightly higher than in the crop. One reason might be that bacterial metabolites accumulated in the crop due to the digesta retention time, the specific metabolic microenvironment, and the putative absence of absorptive capacity of the crop mucosa, which has, however, not been studied to our knowledge.
The present study demonstrated that the effects of organic acids on bacterial cell numbers and metabolites were obvious in the crop, but appeared to be reduced along the length of the gastrointestinal tract. This is in Due to the missing data, the presented mean for the total metabolite is not equal to the mathematical sum of the total lactate, total short-chain fatty acids, and ammonium means.
4
Not analyzed. Due to the missing data, the presented mean for the total SCFA is not equal to the mathematical sum of the acetic, propionic, i-butyric, n-butyric, i-valeric, and n-valeric acid means. *Based on modified population marginal mean. Means with different superscripts in a row differ significantly (P ≤ 0.05). Branched-chain short fatty acids (BCSFA), total short-chain fatty acids (TSCFA).
agreement with previous studies, which reported that ingested formic and propionic acid are readily metabolized and absorbed in the proximal part of the digestive tract and do not reach the distal part of the digestive tract in sufficient quantities to be effective (Hume et al., 1993b; Thompson and Hinton, 1997; van Immerseel et al., 2006) . Therefore, direct effects of organic acids on bacterial composition and metabolism in poultry can only be assumed in the crop and proximal small intestine.
The antimicrobial role of organic acids in the crop is thought to be very important, because the crop is a major site of colonization by pathogenic enterobacteria such as E. coli and Salmonella spp. (Ewing and Cole, 1994) . However, in this study no impact of organic acids on enterobacteria was observed in the crop, although a small reduction of cell counts was observed in the ileum. The crop is the first intestinal segment that had contact with the feed, and organic acids should thus have the largest impact there.
A reduction of intestinal pH is often assumed to be the main mode of action of organic acids (van Immerseel et al., 2006) ; however, present and other studies showed that the pH in the intestine of poultry is not affected by organic acid inclusion (Hume et al., 1993a; Thompson and Hinton, 1997) . On the other hand, Salmonella can be controlled by organic acids in feed (Jones, 2011) . Therefore, other effects than pH reduction must be responsible for the observed decrease in bacterial activity. There are indications that the inhibiting effect of organic acids depends on the nature of the specific organic acid and each organic acid may therefore have different effects in vivo (Huyghebaert et al., 2011) . For instance, it was shown in vitro that Lactobacillus strains were inhibited by propionic acid (Chaia et al., 1994a) . Acetic acid was less inhibitory than lactate for a Lactobacillus pentosus strain (López et al., 2006) . Furthermore, it has been reported that lactic acid bacteria, via lactic acid production, stimulate proliferation of butyrate-producing bacteria (van Immerseel et al., 2006) . Propionate and butyrate, but not acetate, reduced invasion of Salmonella (van Immerseel et al., 2003) . Indeed, increasing cell counts of the clostridia were found in this study, especially for the clostridial cluster XIVa, a group of clostridia known to produce butyrate (Pryde et al., 2002) . Nevertheless, organic acid inclusion in the diet decreased total metabolite concentration and did not consistently increase butyrate concentrations in the crop and gizzard. The overall fermentation activity in the crop was drastically reduced due to organic acid inclusion. Thus, the crop microbiota was unable to maintain normal metabolism; however, some clostridia were still able to increase cell numbers.
Lactobacilli were the dominating bacterial group in the crop, but although lactic acid was reduced due to organic acid inclusion, no differences were seen for lactobacilli cell counts. In in vitro experiments, propionate slowed down the growth of lactic acid bacteria (Chaia et al., 1994a,b) , but the effects were reduced by increasing glucose concentrations in the medium. As the amount of readily fermentable substrates from feed is still high in the crop, it is proposed that the availability of carbohydrates in part counteracted the growth-depressing effects of the organic acids. Therefore, lactobacilli and other bacteria were able to maintain cell density with reduced metabolism.
Effects of organic acid inclusion on the ileal microbiota were limited to slightly reduced lactobacilli and enterobacteria cell counts as well as moderately increased acetate concentrations. Generally, it is desirable to have less microbial proliferation and activity in the small intestine due to possible detrimental bacterial interactions with the host (Dibner and Buttin, 2002) . However, the small intestinal microbiota also serves as a barrier against pathogenic bacteria, as most bacterial infections target the small intestine (Brisbin et al., 2008) . Therefore, the reduction of nonpathogenic lactobacilli, which are known to act antagonistically toward enterobacteria (Engberg et al., 2002; Klose et al., 2010) and the numeric decrease of lactate seem undesirable. However, the concurrent reduction of enterobacteria implies that other factors are responsible for a decrease of enterobacteria cell counts. The increased acetate concentrations in the ileum may point to a shift in bacterial metabolism due to organic acid inclusion. Because added organic acids are readily resorbed in the proximal small intestine, this shift in bacterial metabolism is probably controlled by changes in the crop microbiota that reaches the small intestine (Ewing and Cole, 1994; Thompson and Hinton, 1997) .
The results observed in the present study on organic acid inclusion cannot be applied for all types of organic acid because factors such as chain length, side chain composition, pKa values, and hydrophobicity can greatly affect the activities of organic acids (van Immerseel et al., 2006) . It has been shown that the sensitivity of bacteria to a certain organic acid can differ greatly among the species. Furthermore, the antibacterial effect and the minimal inhibitory concentration of one acid versus another can be highly different (Hsiao and Siebert, 1999; van Immerseel et al., 2006) . For example, the minimal inhibitory concentration of acetic acid for Bacillus subtilis is 250 times lower than for lactobacilli and on the other hand E. coli is approximately 10 times more resistant to malic, tartaric, and citric acid compared with acetic, butyric, lactic, and caprylic acid (Hsiao and Siebert, 1999) .
Based on our knowledge, there is a lack of information on the effect of thermal treatment of feed on the bacterial composition and activity in the gastrointestinal tract of poultry. Increasing processing temperature led to an increase of lactobacilli in the crop and ileum, whereas clostridia and enterobacteria seemed unaffected by thermal treatment. Similarly, lactate concentrations increased in the ileum, but SCFA remained identical. Also, in the crop, a high numeric increase for lactate as well as a significant increase for acetate was found for the E130 treatment compared with all other thermal treatments. Thus, the impact of different thermal feed processing in the crop and small intestine was mostly confined to lactobacilli and their metabolism.
As mentioned above, lactobacilli are considered as beneficial and antagonists to pathogens including bacteria such as E. coli and Salmonella spp. (Engberg et al., 2002) . Lactobacilli are known for their excellent potential to ferment carbohydrates (Axelsson, 2004) ; therefore, the higher fermentation activity in birds fed expanded diets may be explained by the fact that expansion changes the size of microstructural particles, reduces the density of feed particles, and increases the fiber solubility and starch availability of the diet, which may improve the accessibility of fermentable carbohydrates for lactobacilli, and finally increases the production of lactic acid by lactobacilli (Armstrong, 1994; Peisker, 1994) .
The concentration of ammonium as well as acetate increased in the crop for the E130 treatment group. As no host digestion occurs in the crop, this result may be an indication of the higher metabolic activity of lactobacilli, because lactobacilli produce ammonium as a metabolite of protein fermentation and produce acetate from pentose fermentation (Bai et al., 2004; Salminen et al., 2004; Okano et al., 2009 ).
Finally, the interaction effects of the organic acids and thermal treatments on the intestinal microbiota and metabolites were not significant in most cases. There were significant interactions for the bacterial cell counts, particularly in the cecum, but differences were marginal and probably did not have meaningful biological consequences.
In conclusion, this study demonstrated that the effects of thermal treatments and added organic acids to the broiler diets more markedly influenced the bacterial status of the crop compared with the downstream segments and their effects decreased along the length of gastrointestinal tract. Whereas organic acids markedly modified bacterial composition and activity in the crop, expansion increased lactobacilli and lactate in the crop and ileum.
Regarding the specific effects of different types of thermal treatments and organic acids, they might have effects on the microbiota of the upper gastrointestinal tract in broiler chicks that may offer interesting perspectives to achieve a better control of intestinal bacterial colonization in broilers.
